To determine the lipid content of the neointima formed following balloon catheter deendothelialization, we measured the chemical composition of intimal medial samples of the aortic wall of rabbits at 6,12, and 24 months after the operation. The areas of endothelial regrowth and the denuded areas were outlined by intravenous injection of Evan's blue dye. Lipids were extracted by chloroform/methanol (2:1, vol/vol) separated by thin-layer chromatography, eluted, and estimated by gas-liquid chromatography. No tendency to regression was observed. By contrast we observed a progressive increase over time in the concentration of most lipid classes in the areas of endothelial regrowth. There is evidence indicating that the increase in the lipid concentration parallels the increase in the glycosaminoglycan content in the areas of endothelial regrowth. It is possible that endothelial injury causes some irreversible changes in the composition of the neointima in areas of endothelial regeneration.
I n recent years, injury to arterial endothelium has been recognized as an important factor in the pathogenesis of atherosclerosis. Various roles have been ascribed to the endothelium in atherogenesis, and this has stimulated interest in its biology. Some aspects of this, particularly the classic concept of endothelium as a passive barrier, have undergone considerable revision. 1 It now seems clear that there are two different reactions of the arterial wall to injury. 2 One, caused by continuing or repeated injury to the intima and characterized by deposition of formed platelet-fibrin thrombi, regresses rapidly when the injury stimulus is removed. 3 The other, caused by removal of only the endothelial layer and characterized by the interaction of platelets with the wall, is progressive with increasing accumulation of lipid in the endothelium-covered neointima. 4 There is now considerable evidence that injury to the endothelium alone, in the absence of dietary lipid supplement, can cause lipid-rich lesions that are progressive. 35 " 7 To date, biochemical analysis of the lesions has been limited to histological identification of lipids, 4 incorporation of isotopically labelled precursors, 7 and use of some enzymatic assays. 8 There appears to be little information on the lipid composition of endothelium-covered neointima developed in response to balloon deendothelialization of the aorta. The present study was designed to provide further information on this. We examined intimal-medial samples of the aortic wall of normolipemic rabbits at 6, 12, and 24 months after a single balloon deendothelialization and we analyzed the lipid content of the samples.
Methods

Animals
Male and female New Zealand white rabbits were maintained on Purina rabbit chow throughout the experimental period. The animals were acclimatized to the animal quarters for at least 2 weeks before experimentation.
Deendothellalizatlon of the Aorta
The balloon catheter technique was used to deendothelialize the rabbit aortas. Briefly, a 4F Fogarty balloon catheter (Model 12-040-4F, Edward Laboratories Incorporated, Santa Anna, California) was introduced into the lower thoracic aorta via an exposed femoral artery. The area of the aortic arch and a portion of the descending aorta were spared from the balloon catheterization to provide uninjured tissue as a control. The balloon was inflated to 0.75 ml with saline and then withdrawn. The balloon catheter was reintroduced, reinflated, and withdrawn a second time to ensure the complete removal of endothelium. It was then removed. The incision was closed, and the animals were allowed to recover.
Preparation of Tissue Samples
Thirty minutes before sacrifice, the rabbits were injected with 5 ml of a 0.45% solution (wt/vol) of Evan's blue dye (Allied Chemical Company, New York, New York). The dye stains the luminal surface area of the vessel lacking endothelial cover and shows the extent of reendothelialization of the denuded aorta. 9 At sacrifice, the aorta from the ascending aorta to the bifurcation was removed en bloc using sharp dissection. The adventitia was removed and the aortas were opened along the ventral surface and pinned out. Samples from normal (uninjured) denuded areas and areas covered by regenerated endothelium were selected, washed, blotted, and weighed.
Extraction of Llpids
Samples from normal, denuded, and endotheliumcovered neointima were mixed with known amounts of heneicosanoic acid, a C-21 fatty acid, as an internal standard. They were then homogenized with chloroform/methanol (2:1, vol/vol) and the resulting lipid extract was initially washed as described by Folch et al. 10 and subsequently passed through a small Sephadex-G column to purify the extract of nonlipid contaminants according to the procedure of Wuthier. 11 The lipid extract was evaporated under a stream of nitrogen at 40°C to complete dryness. The dried residue was redissolved in a known amount of solvent; lipid content was determined by gas-liquid chromatography following initial separation of lipids by thin-layer chromatography.
Analysis of Llpids and Phospholiplds
Lipids were separated by thin-layer chromatography on silica gel H plates as described by Day et al. 12 Separated lipids were recovered by eluting with specific solvents: e.g., triglycerides and cholesterol by chloroform/petroleum ether (9:1, vol/vol); free fatty acid and cholesterol by chloroform/methanol (2:1, vol/vol); and phospholipids by chloroform/methanol/ acetic acid/water (25:15:4:2, vol/vol/vol/vol).
To fractionate the major phospholipids, we spotted another aliquot on thin-layer chromatography (TLC) plates and separated it using the three-dimensional scheme of Organisciak and Klingman, 13 with a modification of the first solvent system as described by Lloyd et al. 14 Following TLC separation, inorganic phosphates in individual phospholipids were determined using molybdate/malachite green assay with Triton X-100. 15 The amount of cholesterol and cholesteryl ester in the separated spots was measured using the method of Day and Wahlquist 17 with a slight modification. Briefly, 50 /JL\ of N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFAJ/trimethylchlorosilan (TMCS) (9:1, vol/vol) purchased from Pierce Chemical Company, Rockford, Illinois, was added to the lipid residues and incubated at room temperature for 60 minutes; then 1 fx\ was injected into the gas chromatograph for analysis.
Fatty acid composition was measured after hydrolysis of lipid eluates following TLC with tetramethylammonium hydroxide (Aldrich Chemicals, Milwaukee, Wisconsin), methylation with N,N, dimethylformamide (Alderich Chemicals), and gas chromatographic analysis. 18 Methyl esters and silylated compounds were separated on a 3% OV17 Chromosorb WHP 80/100 mesh column (Chromatographic Specialties, Brockville, Ontario) using a gas chromatograph (Hewlett Packard 5710A) attached to a computerized integrator (Hewlett Packard HP3380A). The injection-post temperature was 220°C and the detector temperature was 250°C. The oven temperature was programmed to run 5 minutes isothermically at 130°C followed by a temperature rise of 4°C/minute at 220°C. For cholesterol analysis, the injection temperature was 300°C and the detector temperature was 350°C.
Statistical Evaluation
Statistical analyses were performed using the statistical method described by Gabriel 38 for multiple comparisons, according to which two means, x, and x,, are significantly different if their difference exceeds SMMO (m,f) S (1/\/2ri| + 1/\Z2n,) where SMMa (m,f) is the a-point of the studentized maximum modulus statistics for m comparisons and f degrees of freedom; s 2 is an estimate of variance based on f degrees of freedom; and n, and n, are the two sample sizes. One advantage of using tnis method is that it enables definition of an interval around each mean. If the intervals around two means in a table are nonoverlapping, then those two means are significantly different. A second advantage is that it takes into account the multiple comparisons being made between the means in a table.
In the tables, each mean is followed by ± SMMa (m,f)/\/2~rnultiplied by the standard error of the mean, which is s/\/fv"Usually, s 2 is obtained from a pooled estimate of variance based on f = 24 degrees of freedom and m = 18 and is the number of row and column pairwise comparisons between means. The value of SMM« (m,f) for a= 0.05 is obtained from tables given by Bechhofer and Dunnett. 39 The one exception is in Table 1 where the variance for the tissues from the areas of regrowth were so much larger that they could not be pooled. If the intervals around two means do not overlap, they are significantly different by this method.
Results
In previous experiments, it has been observed that lipid-rich atherosclerotic lesions with cholesterol clefts are present at 36 and 62 weeks after one or after the first of six balloon removals of endothelium. 4 In preliminary studies of the lipid content of lesions following balloon catheter removal of the endothelium, a large increase in cholesteryl ester in the areas of endothelial regeneration was reported. 19 The concentration of free and esterified cholester-ol of the normal and injured rabbit aorta measured at 6, 12, and 24 months after deendothelialization is shown in Table 1 . It should be noted that by 1 year after deendothelialization the process of endothelial regeneration was almost complete, leaving behind only small denuded areas appearing as blue and surrounded by regenerated endothelium. This is consistent with earlier unpublished observations indicating 65% to 85% endothelial regeneration 6 months after catheterization and almost 90% after 1 year. Less denuded area was present after 24 months. To get a sufficient amount of denuded area for analysis at 12 and 24 months, it was necessary to pool these areas from several animals. Free cholesterol concentration in deendothelialized areas was found to be about 48% higher than in the adjacent uninjured areas (control) at 6 months and remained at the same level up to 2 years. However, free cholesterol concentration increased progressively with time in the areas of endothelial re- 
According to Gabriel's multiple comparison method, two means are significantly different if their difference exceeds SMMa(m,f)s | --~~-+ -_^j • Control = uninjured tissues; DEA = deendothelialized areas; AER = areas of endothelial regeneration; numbers in parentheses are batch size from six rabbits.
'Control x AER significant. tDEA x AER significant. 4:6 months x 12 months significant. §12 months x 24 months significant. growth, resulting in a concentration which was 1.6, 1.8, and 2.0 times higher than in the controls at 6,12, and 24 months, respectively.
The changes in the concentration of cholesteryl ester were more pronounced, demonstrating a striking increase in the areas of regeneration. In the normal aorta, cholesteryl ester was negligible as compared to the amount of free cholesterol. Cholesteryl ester rose to a value between 40 and 68 times that of control areas. A moderate rise in cholesteryl ester concentration in denuded areas was also determined. Some changes in the concentration of free fatty acids, triglycerides, and lipid phosphorus were also measured ( Table 2 ). The concentration of free fatty acid showed a slight, but statistically insignificant, increase in regrowth areas. The free fatty acid level in the control tissue seemed higher than expected, which might be due to partial hydrolysis of triglycerides during thin-layer chromatography. This occurs frequently with use of this technique (A. J. Day, personal communication). This may contribute to the decrease in the triglyceride content in the denuded areas, although this decrease was marked. Therefore, it probably did not account for the total decrease due to the lack of endothelium. Similarly, a marginal increase of the triglyceride content in areas of regeneration could be an underestimation of triglyceride levels in these areas. Triglyceride content was remarkably reduced in denuded areas and marginally increased over controls in regrowth areas. Likewise, the content of lipid phosphorus was also found to be higher in areas of endothelial regrowth. There was not any noticeable change in the concentration of phosphorus in denuded areas. The fatty acid composition of choiesteryl ester was remarkably altered as a result of deendothelialization ( Table 3 ). The proportion of choiesteryl oleate had increased up to one-half of the total fatty acid concentration in regrowth areas and about two-fifths in denuded areas, while it remained at one-third in the control areas, thus changing the 18:1/18:2 ratio significantly. There was a concomitant reduction in the proportion of choiesteryl paimitate in both denuded and regrowth areas.
Deendothelialization also affected the composition of phospholipid fatty acids (Table 4 ). In contrast to choiesteryl paimitate, there was a highly elevated proportion of palmitic acid in the regrowth areas, a major reduction being observed in the proportion of arachidonic acid in these areas. There were some alterations in the distribution pattern of phosphorus in major phospholipids following arterial injury ( Table  5 ). Sphingomeylin in regrowth areas showed the largest relative increment, although phosphatidylcholine (lecithin) was the major phospholipid measured. In denuded areas, only sphingomyelin was higher than in control areas, while all other phospholipids were reduced.
It is important to note from the data summarized in Tables 2-5 that the changes seen in the lipid composition of both denuded and regrowth areas at 6 months persisted essentially unchanged up to 2 years, without showing any tendency to regression.
Discussion
The data presented here confirm the morphology in showing a large increase in cholesterol in areas of endothelial regrowth which developed in response to endothelial denudation of the aorta. 2 ' 4 This is comparable to the chemical composition of human arterial lesions and lesions produced in animals by dietary manipulations as reported extensively in the current literature, and recently reviewed by Davignon and Marcel. 20 The observed changes in lipid composition, such as a remarkable increase in the relative proportion of choiesteryl oleate (Table 3) , sphingomyelin of the phospholipids (Table 4) , and a smaller increase in triglycerides (Table 2) , parallel the findings of many workers. 21 " 23 The finding that the arachidonic acid content of phospholipids was reduced in regrowth areas ( Table 5 ) is consistent with other reports. In summarizing their observations in many specimens of atherosclerotic human and animal tissues, Sinzinger et al. 24 reported a diminished formation of prostacyclin. Similar data were published by Dembinska-Kiec et al. 25 indicating that atherosclerosis decreases prostacyclin formation in rabbit lungs and kidneys, thereby implying an alteration in the metabolism of arachidonic acid. Our results did not show any tendency to regression, a characteristic feature of the lesions developed by repeated or continued injury, 26 reflecting different responses to various types of injury.
The mechanism by which lipid preferentially accumulates in areas of endothelial regrowth has been the focus of research interest. 2 " 8 ' 19 ' ^^ Nevertheless, it appears that despite numerous research studies, there is no universally accepted explanation for this massive lipid deposition. At the present time, knowledge of the functional characteristics of endothelium is increasing rapidly. It is clear that endothelium is metabolically a very important tissue and it acts as a selective permeability barrier to some plasma components. In the light of the significant differences in the amount of lipid in denuded areas as compared 'Control x AER significant. fControl x DEA significant. +.DEA x AER significant. §6 months x 12 months for same fatty acid significant. ||6 months x 24 months for same fatty acid significant. 112 months x 24 months for same fatty acid significant. to the areas of endothelial regrowth in this study and the similar differences observed in the amount of low density lipoprotein (LDL) accumulated following intravenous injection of radiolabelled LDL into rabbits subjected to deendothelialization, 2930 it seems unlikely that simple permeability diffusion is involved. There are reports indicating that the amount of cholesteryl ester synthesized is too small to account for all the increase in the atherosclerotic aorta. 7 ' 12 ' 31 The striking increase in cholesteryl ester seems to be an independent process which may relate to the amount of intact plasma LDL in the intima. A possible mechanism is trapping of lipoproteins by glycosaminoglycans (GAG) as proposed by Iverius. 32 In 1976, Hollander 33 provided evidence that the lipid of atherosclerotic plaques exists as complexes of lipoprotein, mucopolysaccharides, and calcium. Increased intimal GAG content was observed in human fatty streaks and early fibromuscular lesions 34 in primate atherosclerotic arteries 35 as well as in experimental models of atherosclerosis-susceptible pigeons compared to atherosclerosis-resistant pigeons. 38 In a study of the measurement of the GAG content of rabbit aortas following balloon removal of endothelium, areas of endothelial regrowth have shown an increased concentration of GAG as compared to denuded areas. 37 Thus, increased GAG concentration may be an important factor contributing to intimal lipid accumulation in the endotheliumcovered neointima following one removal of the endothelial lining.
